To sequence and comprehensively analyze human and mouse lacrimal gland transcriptomes as part of the NEIBank project. METHODS. cDNA libraries generated from normal human and mouse lacrimal glands were sequenced and analyzed by PHRED, RepeatMasker, BLAST, and GRIST. Human "lacrimalpreferred genes" and putative gene regulatory elements were respectively identified in UniGene and ConSite, and gene clustering was analyzed by chromosomal mapping. "Hypothetical proteins," identified by keyword search, were verified by genomic alignment and queried in the Conserved Domain database and GEO Profiles. RESULTS. The top six transcripts in human and mouse differed, revealing a previously unappreciated molecular divergence. The human transcriptome is enriched with transcripts from 29 lacrimal-preferred genes and a content of poorly characterized hypothetical proteins, proportionally greater than in all other tissues. Only 45% of lacrimal preferred, but 71% of hypotheticals, have mouse orthologs. Many of the latter display apparently altered cancer expression in the CGAP SAGE library collection-often in keeping with predicted WD40, protein kinase, Src homology 2 and 3, RhoGEF, and pleckstrin homology domains involved in cell signaling. At the genomic level, lacrimal-expressed genes show some evidence of clustering, particularly on human chromosomes 9 and 12. Binding sites for TFAP2A, FOXC1, and other transcription factors are predicted. CONCLUSIONS. Interspecies divergence cautions against use of mouse models of human dry eye syndromes. Lacrimal preferred and hypothetical proteins, gene clustering, and putative gene regulatory elements together provide new clues for a molecular understanding of lacrimal gland function and mechanisms of coordinated tissue-specific transcriptional regulation. (Invest Ophthalmol Vis Sci. 2005;46:1572-1580
G enomic sequencing has provided a wealth of new opportunities in the exploration of biological systems and treatment of disease. Much has been dependent on the availability of large and diverse collections of cDNAs and protein databases that build sequence alignment 1 into the process of gene recognition. 2 Novel genes have been identified, and simultaneous monitoring under different experimental settings has led to a growing appreciation of the genetic robustness 3 and conservation of organisms, organs, and cellular systems. Particularly intriguing are those predicted genes in complete genomes that remain hypothetical or poorly represented in expressed sequence databases, and about which little is known regarding their normal function or disease relevance.
Exocrine and endocrine glands are highly specialized tissues that have served historically as platforms for protein and gene discovery, leading to the identification of new growth factor families (i.e., epidermal growth factor [EGF], 4 nerve growth factor [NGF] 5 from salivary gland, and fibroblast growth factor [FGF] from pituitary gland 6 ), as well as hormones and other prominent protein classes. Some glandular proteins are less readily detected elsewhere or can display distinctively altered expression and serve as tumor markersmost notably estrogen receptor 1 in breast cancer. Recently lacritin, 7 a tissue-preferred transcript from the lacrimal gland, has been suggested to be a SAGE (serial analysis of gene expression) marker for circulating breast cancer cells. 8 Such tissues therefore represent potential expression sites for predicted mitogens, receptors, and signaling mediators that may have important disease applications.
Knowledge of glandular gene products essential for normal tissue function and an understanding of the mechanisms governing their expression are prerequisites for the development of future therapeutics. 9, 10 Such treatment is potentially applicable to a wide variety of diseases or injuries. Dry eye, the most common eye disease, 11 appears to be highly suited to this approach, as the affected lacrimal glands are readily accessible to manipulation, and the composition of basement-membraneadherent secretory cells is highly homogeneous. 12 We report on the first large-scale sampling of human and mouse lacrimal gland transcriptomes. Rare transcripts and those corresponding to hypothetical proteins predicted from genome sequence proportionally exceed any other organ. Many display altered expression in carcinoma of the breast, prostate, and other organs. In addition, fundamental molecular differences between human and mouse glands are revealed. Chromosomal distribution and transcriptional restriction combined with ConSite analyses unveil the first predictions of lacrimal multi-and single-gene transcriptional regulation.
MATERIALS AND METHODS

Tissue Specimens and Histologic Analysis
Normal human lacrimal glands (1 ϫ 1.5 cm) of one male (75 years) and one female (51 years) donor were collected anonymously by the Mid-Atlantic Division of the Cooperative Human Tissue Network (CHTN), funded by the National Cancer Institute (Frederick, MD). Time from death to snap freezing was 6 hours 5 minutes and 7 hours 45 minutes, respectively. To assess the normalcy of the human speci-mens, frozen sections were stained with eosin and microscopically examined (Fig. 1 ). This research adhered to the tenets of the Declaration of Helsinki and was considered exempt by the University of Virginia Human Investigation Committee. Murine exorbital lacrimal glands were collected from 75 C57Bl6 male mice (7-8 weeks) and immediately frozen. Care was taken to avoid contamination with salivary (and intraorbital Harderian) glands. Animal use adhered to the ARVO Statement for the Use of Animals in Ophthalmic and Vision Research.
Library Construction and Sequencing
cDNAs were prepared from purified polyAϩ RNAs (male and female human polyAϩ RNAs combined; all mouse polyAϩ RNAs) with a NotI primer-adapter (5Ј-pGACTAGTTCTAGATCGCGAGCGGCCGCCC(T)15-3Ј) for first-strand synthesis and directionally cloned into pCMVS-PORT6 (Invitrogen-Life Technologies; Carlsbad, CA) by Bioserve Biotechnology (Laurel, MD) according to protocols in the manufacturer's instruction manual (SuperScript Plasmid System; InvitrogenLife Technologies; http://www.invitrogen.co.jp/products/pdf/ custom%20_pCMVSPORT6.1library_man.pdf). Sequencing was performed by the NIH Intramural Sequencing Center. The first (oj1-oj32) and second (oj33-oj59) rounds of human lacrimal sequencing and a single round of mouse (ou) sequencing respectively yielded 2906, 2392, and 2238 high-quality useable sequences averaging 517, 535, and 323 bp in length. Some sequences (ni01-ni08) obtained from a previously prepared human lacrimal gland library 13 (565 useable sequences averaging 319 bp) were not included in subsequent analyses, with the exception of those involving UniGene.
Computational Analyses
Sequences were systematically analyzed by using a stepwise approach 14, 15 first with PHRED (CodonCode Corp., Dedham, MA), 16 then RepeatMasker (exclusion of non-mRNA sequences derived from vector, ribosomal, or mitochondrial nucleic acid; http://ftp.genome. washington.edu/cgi-bin/RepeatMasker/ provided in the public domain by the University of Washington Genome Center, Seattle, WA), followed by BLAST 17 and GRIST (GRouping and Identification of Sequence Tags 15 ; http://neibank.nei.nih.gov/index.shtml; BLAST, UniGene, and GenBank are provided by NIH at www.ncbi.nlm.nih.gov/). GRIST assembles identical or near-identical expressed sequence tags (ESTs) into tables with the UniGene name, chromosomal location, and cellular role, according to functional categories designated by the Gene Ontology Project (GO; http://www.geneontology.org). For a simplified graphic representation, GO Slim terms were used. All lacrimal sequences have been deposited in GenBank (accession numbers: CA946271-CA946547; CD721760 -CD724311; CK429154 -CK431261; CK615661-CK617067) and are available in GRIST format at NEIBank (http://neibank.nei.nih.gov/index.shtml). The accession number of the novel cDNA lacrein is AY702028.
Hypothetical Protein Analyses
Multiorgan comparison of sequences coding for hypothetical proteins took advantage of Entrez Nucleotide's Preview/Index (www.ncbi.nlm-.nih.gov) with keyword searches such as human[Organism] AND /tissue_typeϭ"brain" AND hypothetical, which draws from all mRNAs. Selecting only sequences from gbEST (gbdiv_est[prop]) was considered less reliable. Several organs were omitted from final statistical analysis due to small sample size (human pituitary gland; mouse cervix, cord blood, endometrium, head_neck, larynx, and nasopharynx). Identification and tabulation of lacrimal hypothetical sequences emerged from GRIST. Because none has yet been annotated as such in GenBank, it was not possible to use Entrez Nucleotide. Instead, we searched our sequences in NEIBank (lacrimal "oj" library) using "hypothetical" as a keyword. For authentication, all human and mouse ESTs designated as coding for hypothetical proteins were individually mapped to human or mouse genomes by BLAST or the Map Viewer link in Entrez Nucleotide. Statistical analyses were performed by Prism (GraphPad, San Diego, CA), with results expressed as the mean Ϯ SD.
Chromosomal Distribution, UniGene Analyses, ConSite, and SAGE Comparison
To identify lacrimal ESTs with limited expression in other organs ("lacrimal-preferred" genes), we manually inspected each UniGene entry, selecting those human genes currently listed in six or fewer other organs. Cell line, tumor, pooled organ, blood, and placenta expression was excluded. To search for conserved gene regulatory sites in lacrimal-preferred genes, we extracted 2 kb immediately upstream of the ATG translation initiation codon, including part of the first exon from both human and mouse genomes by Map Viewer and Entrez Nucleotide, and searched for putative human transcription factor binding sites by ConSite (http://www.phylofoot.org/ 18 ) using default settings. ConSite integrates Bayesian phylogenetic footprinting 19 with sequence profiles of known binding sites. 18 To search for potential cancer relevance, we queried the Cancer Genome Anatomy Project 20, 21 collection (GDS217) in GEO Profiles (National Center for Biotechnology Information [NCBI], Bethesda, MD) with each human hypothetical protein, averaged normalized tags per million values for individual normal or cancer tissue categories, and determined the increase or decrease (x-fold) in cancer. Similar screens were systematically performed of the cancer microarray data sets GDS2, GDS8, GDS9, GDS73-GDS75, GDS84, and GDS88-GDS90. Code was written to display the chromosomal distribution of human cDNAs at 39-Mb intervals on human genome build 34 (version 1). FIGURE 1. Histology of human male (A) and female (B) lacrimal glands from which cDNAs were derived for sequencing. PolyAϩ RNAs from both sexes were combined for cDNA generation. Other than some collagen in the male sample, the glands appeared healthy. Frozen sections stained with eosin.
RESULTS
Highest-Abundance Genes in the Two Species
The polarized secretory acinar cells (Fig. 2) , which make up much of the cellular mass of the adult human or mouse lacrimal gland, release a rich array of proteins that prevent bacterial infection and nurture the avascular but highly innervated cornea. Other key protein secretory cells include duct and endothelial cells, and lymphocytes. Sequencing of more than 5000 human and 2000 mouse lacrimal cDNAs revealed a diverse collection of expressed genes. The most highly expressed differed between species. In humans, cDNAs encoding the secretory proteins lysozyme (LYZ; hydrolysis), proline rich 4 (PRR4; function unknown), lipocalin 1 (LCN1; lipid, hydrophobic carrier 22 ), lactotransferrin (LTF; iron binding), proline rich 1 (PROL1; function unknown), and lacritin (LACRT; prosecretory mitogen 7 ) were most abundant. However, the murine top six transcripts corresponded to odorant binding protein 1a (Obp1a; contains a large lipocalin domain); allergen dI chain C2C (C2c; function unknown); a novel hypothetical protein that we refer to as lacrein, which is highly restricted to lacrimal gland and bears some similarities (17.4% identical; 32% similar according to near-optimal alignment 23 ) to human lacritin; salivary protein 1 (Spt1; function unknown); a putative hydrolytic enzyme similar to triacylglycerol lipase (gastric precursor; Lipf); and a unique chromosome 17 UniGene cluster restricted to lacrimal and pituitary glands. Such striking dissimilarity suggests a previously unappreciated molecular divergence not reflected in comparison of all human and mouse lacrimal cDNAs by higher-order GO Slim terms (Fig. 2B) . Eleven most frequent protein domains in human hypothetical proteins, excluding those designated as uncharacterized conserved domains: zinc finger (smart00356, smart00451, KOG1994, KOG2462, KOG2990, and KOG1311); WD40 (cd00200, COG2319, KOG2321, and KOG0271); protein kinase (cd00276, cd00089, pfam00069, and smart00220), Src homology (cd00173, cd00174, and smart00326); RhoGEF (cd00160 and smart00325); O-methyltransferase (COG4122, KOG1661, KOG2915, and pfam01135); amino acid (AA) transporters (KOG1287, KOG1303, and KOG3832); membrane protein (COG5373, KOG3318, and KOG3918); myosin tail (or chain; KOG0161 and pfam01576); pleckstrin homology (smart00233); and tetratricopeptide repeat (cd00189). 
Enrichment with Poorly Characterized Hypothetical Proteins
In addition to these highly expressed but incompletely understood proteins, numerous human lacrimal cDNAs code for proteins designated as hypothetical-a term originating from their initial identification by informatics from the genome. Now many of these rare, poorly, or only recently characterized gene products derive from confirmed gene models well supported by multiple ESTs. Some hypotheticals have names. Most, however, have not been subjected to functional analyses in biological systems, despite often intriguing domain predictions in Entrez Gene. A keyword search of the human lacrimal library revealed 238 distinct hypothetical proteins (Table 1 ) of 2022 GRIST clusters of similar or identical sequences-that is, 4.5% of all 5298 human lacrimal cDNAs. Of those, 62% corresponded to the FLJ series of newlypredicted, full-length transcripts, although the lacrimal gland was not one of the 107 human tissues sequenced. 24 In contrast, hypotheticals account for 0.6% Ϯ 0.7% (median: 0.2%, range: 0%-2.2%) of cDNAs (shown in italics in Table 2 ) in 22 similar-sized GenBank organ pools represented by Ͼ1000 and Ͻ6670 cDNAs. Analogous mean proportional values are obtained in organs of human or mouse (0.5% Ϯ 0.6%) when no restriction is placed on the number of cDNAs ( (Tables 1, 2) , although manual inspection of the latter suggests numerous poorly characterized genes. To assess EST and gene legitimacy, we aligned each EST to human genomic sequence according to BLAST or the Map Viewer link in Entrez Nucleotide. We also checked for mouse orthologs (Table  1) and evaluated whether open reading frames generally exceeded 100 amino acids. In keeping with 3Ј sequencing, 82% (196; 3.7% of 5298) aligned to exons in the 3Ј half of confirmed gene models or are predicted to achieve the same by alternative splicing; and 71% have a mouse ortholog. Those remaining aligned to intergenic regions (8%), introns (2%; possible nonmessenger RNAs 25 ) or pseudogenes (0.8%; Table 1) . The mean open reading frame size for genes of 3Ј half exonic alignment was 523 amino acids. Five have open reading frames of 101 amino acids or less, but all are predicted to be protein coding and only one is not highly conserved in mouse. This relative enrichment in largely uncharacterized hypothetical proteins (as suggested by exon alignment of ESTs from genes largely represented also in mouse) could in part reflect restricted expression and the poorly characterized nature of the lacrimal gland. Four are moderately rare transcripts (described later); however, most display wide (mean of 21 different organs) and abundant expression (mean of 235 ESTs per organ), as determined by manual inspection of UniGene. Protein domain structure and disease database analyses described in the following sections to assess their relevance and genomic organization suggest mechanisms of gene regulation.
Signaling Domains
To look more closely at the types of hypothetical proteins expressed, all 196 confirmed sequences were queried against Gene (NCBI) with particular attention to Conserved Domain Database designations. Of those, 67% were represented by at least one domain, for a total of 196 different domains, including 17% designated as uncharacterized conserved protein domains. Zinc finger domains of the C2H2, C2C2, DHHC, and unnamed types were the most prevalent (Fig. 3) 
Gene Clustering and Higher-Order Transcriptional Regulation
Linking global expression data with genomic sequence makes possible a search for chromosomal regions potentially regulated by tissue-specific mechanisms, such as enhancers. We mapped all detected hypothetical and known human genes by expression level to chromosomes segmented into 39-Mb bins (Fig. 4) . Regions on chromosomes 12 (0 -79 Mb) and 9 (120 -136 Mb) were particularly active (Fig. 4, filled bars) , and although both are gene rich, there is no particular enrichment for lacrimal gland genes (Fig. 4, unfilled bar) 26 distal end of chromosome 9 is the source of many LCN1 transcripts and others, including those coding for hypothetical proteins FLJ10101, LOC89958, LOC389794, and MGC10526. Also notably active was the 40-to 79-Mb region of chromosomes 3, 4, and 11. Least active were chromosomes 13, 14, 18, 21, X, and Y. Chromosomes 13, 18, 21, and Y contain several low-gene-density regions. Recent comparison to other NEIBank libraries (Gao J, Wistow G, unpublished data, 2005) reveal that genomic regions of heightened gene activity often differ among tissues.
To examine whether any of these genes was subject to higher-order regulation that drove expression specifically to the lacrimal gland, advantage was taken of UniGene, which now contains almost 6 million ESTs from different human tissues. We manually scanned all human lacrimal genes in UniGene, recording the number of organs and ESTs per organ. Excluded were pathologic, pooled placental, blood, or fetal tissues and samples derived from cell lines. Twenty-nine lacrimal-preferred genes were identified for which UniGene expression is limited to the human lacrimal gland and no more than six other organs. The mean number of other organ expressors and ESTs per organ is respectively 3 and 23, indicating relatively high organ specificity and low or rare transcription, with lacrimal transcription exceptionally elevated for lacritin, lipocalin 1, and proline-rich 1 (82, 218, and 111 ESTs, respectively). Four of 29 are hypotheticals (FLJ12205, FLJ20513, LOC221711, and LOC340385). UDP-N-acetyl-␣-D-galactosamine: polypeptide N-acetylgalactosaminyltransferase (GALNT8), histone 1 H2 (HIST1H2AH), lacritin (LACRT), proline rich 1 (PROL1), and secretoglobin family 1D member 1 (SCGB1D1) were not detected elsewhere, in keeping with recent large scale microarray analyses (data sets GDS181, GDS594, and GDS596 27, 28 ) and SAGE (Cancer Genome Anatomy Project).
The chromosomal placement of lacrimal-preferred genes revealed that many are clustered (Fig. 4, arrows) , an arrangement suggestive of some coordinated transcription. FLJ20513, HTN1, and paralogous PROL1 and PROL3/5 are grouped within 0.36 Mb on chromosome 4 with respectively two and three genes separating HTN1 from FLJ20513 and FLJ20513 from PROL3/5. The clustered PROL multigene family on chromosome 4 and the clustered CST multigene family on chromosome 20 function as regions of correlated transcription in the salivary gland, based on microarray analysis of a collection of human organs that excluded lacrimal gland (supplemental human RCT data files, Ref. 28 p 95). On chromosome 11, paralogs SCGB1D1 and SCGB2A2 are separated by 0.084 Mb in a cluster with other family members. In contrast, chromosome 19 lacrimal-preferred genes are not clustered in the same chromosomal regions. We queried each lacrimal preferred protein in the EMBL STRING database (available at http://www.emblheidelberg.de/; provided in the public domain by the European Molecular Biology Laboratory, Heidelberg, Germany). 29 STRING seeks to integrate known and predicted protein interactions, but no evidence of coexpression could be found. This result is in keeping with the absence of any human lacrimal gland microarray data; however, salivary gland hits might be expected from the SymAtlas 27,28 microarrays (http://www.gnf.org/ provided by the Genomics Institute of the Novartis Research Foundation [GNF], San Diego, CA).
BLAST of the current mouse genome (build 33) revealed that only 13 (45%) of 29 human lacrimal-preferred genes have obvious orthologs in mouse. No conservation of clustering was apparent. Notable differences in mouse genes activated versus human were in line with the manner by which transcripts defined as lacrimal-preferred in human (Fig. 5 ) display a much wider tissue distribution in mouse (Fig. 5, inset) . Moreover of the top six human (LYZ, PRR4, LCN1, LTF, PROL1, and LACRT) and mouse (Obp1a, C2c, lacrein, Spt1, and Lipf; UniGene cluster) genes, only lysozyme (LYZ), lactoferrin (LTF), and gastric lipase (Lipf) are known to be shared between species.
Key elements of tissue-specific gene regulation are often well conserved among different species and can be revealed by phylogenetic footprinting. 18 We therefore performed ConSite analysis of all but one (OSCAR mouse gene not yet placed) of the human-mouse lacrimal preferred ortholog pairs, using 2-kb upstream of the ATG translation start site. Putative GATA2, GATA3, SPI-1, SPI-B, and ZNF42 sites are represented most frequently (8 -10 of 12 gene pairs), followed by lesser representation (3-5 gene pairs) of putative TFAP2A (AP-2␣), ELK1, FOXF2, FOXF1, FOXC1, FOXL1, SRY, HAND1, and YY1 sites and a few others (2 or fewer gene pairs). Other factors emerging from this analysis that are detected in lacrimal gland or eye include CREB1, NFIL3, ELK1, FOXF2 GATA3, NHLH1, MAX, ZNF42, HAND1, USF1, and YY1.
Expression in Human Cancers
A notable aberration in the expression of lacritin, 7 the sixth most abundant and one of 29 lacrimal-preferred genes is its reported amplification in some invasive breast cancers. 30 Indeed, the first lacritin EST in GenBank originated from a subtracted breast cancer library. 31 Other novel ESTs now serve as cancer markers. 32 To determine whether any human lacrimal hypothetical or other lacrimal-preferred proteins could be similarly involved in disease, we probed each in the Gene Expression Omnibus (NCBI) paying particular attention to the Cancer Genome Anatomy Project (CGAP) SAGE library 20,21 where lacritin's cancer expression has been detected. The SAGE library consists of 123 (39 normal, 84 cancer) different human tissue samples, of which 21 are breast and 10 are prostate cancer. 33 Of the 196 lacrimal-expressed hypothetical proteins discussed herein, 104 (53%) display an apparent cancer-associated expression that is at least two times greater than normal in breast, prostate (Fig. 6 ), brain, pancreatic, ovarian, stomach, peritoneal, and other cancers, whereas 47% (93/196) of the same and other hypotheticals display a two times or greater decrease (not shown), depending on the type of cancer. Among lacrimal-preferred genes, 16 (55%) of 29 display a similar twofold or greater increase or decrease. To estimate the frequency of cancer-related changes in expression over the whole lacrimal library, we manually queried the CGAP SAGE library with each of the first 1000 human lacrimal proteins. Of those, 11% (107) displayed a cancer increase or decrease (not shown). FLJ33962, FLJ31208, FLJ20275, and FLJ10101 are unchanged, whereas FLJ25006 (serine/threonine kinase) is increased 2-fold in breast (Fig. 6 ) and 12-fold in brain cancers. FLJ20967 (Src homology 2 domain) is increased 5-fold in breast and decreased 22-fold in ovarian (not shown) cancers. DkFZp434N1923 (ubiquitin homologue) displays a 2-, 9-, 14-and 45-fold increase, respectively, in prostate, colon, stomach, and pancreatic cancers. Similarly, Ran binding protein FLJ22794 is suppressed 32-fold in ovarian and amplified 2-, 7-, and 22-fold in brain, colon, and prostate cancers, respectively. FLJ10300 (cytoplasmic dynein intermediate) is increased 6-fold in brain cancer, and the predicted cyclin domain protein FLJ40432, 7-and 16-fold greater in prostate and stomach cancers, respectively. Most elevated in breast cancer is LOC89958, a predicted 389-amino-acid protein of 42.2 kDa that lacks a signal peptide or other defined domain and is 80% (313/389 amino acids) identical with an unknown mouse protein.
LOC89958 is well-represented in UniGene by Ͼ30 different cancer libraries, including mammary adenocarcinoma, and is periodically regulated during cell cycling in HeLa cells, with maximum mRNA levels during mitosis. 34 Others elevated include FLJ14668 (138 amino acids; DUF842 domain), DKFZp761D0211 (552 amino acids; well conserved with integrin ␣ chain similarity in InterPro, one transmembrane domain and localized to the cell surface) and BC002942 (707 amino acids; 7-11 predicted transmembrane domains; http://ebi-.ac.uk/interpro/ provided in the public domain by the European Bioinformatics Institute, Hinxton, UK).
DISCUSSION
We describe the first human and mouse lacrimal gland EST databases, developed as part of the NEIBank Project. Key observations include (1) a previously unappreciated molecular divergence between human and mouse, as evidenced by differences in the most abundant transcripts and regulation of human lacrimal-preferred genes, (2) the suggestion that many human lacrimal-preferred genes arose late in evolution, (3) the presence of a proportionally greater number of human hypothetical proteins than any other tissue, (4) evidence of human gene clustering suggesting higher-order transcriptional regulation, and (5) despite interspecies differences, hints of conserved upstream elements that set the stage for promoter analyses. Development of both databases grew from the need Š FIGURE 4. Lacrimal gene activity is unevenly distributed over the human genome and displays clustering suggestive of cotranscriptional regulation. Arrows: location and orientation of lacrimal-preferred genes, defined as those expressed in six or fewer other organs, as determined by manual inspection of UniGene (NCBI). Gene activity is represented by number of cDNA clones per gene and is compared with gene number in 39-Mb bins. Genes in the proximal half of chromosome 12 and distal end of chromosome 9 are particularly active. Not detected but present on proximal chromosome 12 is AAAS, the mutation of which is associated with alacrima.
IOVS,
for a catalog of lacrimal gland transcripts as a fundamental resource for study of normal and diseased glands. Could molecular divergence simply reflect an interspecies disparity in organ age, cDNA library preparation, or cellular composition? We suspect that organ age is not a factor. Arguably mature secretions would similarly predominate in the mouse and human glands used. Care was taken to prepare the cDNA libraries identically with minimal manipulation, and histologic examination suggests an equal proportion of epithelial cells. Perhaps most persuasive is how divergence centers on the most abundant genes. Query of the top six human and mouse genes in a rat lacrimal gland microarray data set GDS508, 35 the only lacrimal gland data set currently in GEO Profiles, obtained hits for only LYZ and Spt1 (Gene Expression Omnibus Profiles, http:// www.ncbi.nlm.nih.gov/projects/geo/ provided by NCBI). A record for Lipf was considered absent or at background levels. Numerous mouse strain-specific differences have been noted in gene expression of the brain, but many of the highest scoring hits are housekeeping genes ubiquitously expressed in other organs. 36 In contradistinction, several of the lacrimal diverging genes have no respective ortholog in mouse or human, although mouse Obp1a contains a lipocalin domain and mouse lacrein displays some homology with lacritin. Equally striking was how human lacrimal-preferred genes are broadly dispersed in mouse. Not addressed in this study of combined cDNAs from a single human male and a single female, but of considerable importance, are levels of variation among normal humans, changes in human ocular disease, and the well-known influence of sex hormones on human lacrimal gene expression-the latter well scrutinized in rodents. 37, 38 Each is now addressable by multireplicate microarray, 39 and possibly also by study of single nucleotide polymorphisms in key lacrimal genes. Evolution of independent solutions for eye protection has important implications for the usage of animal models to study human dry eye syndromes.
Discerning how molecular divergence is functionally manifested highlights lacrimal-preferred proteins-particularly those lacking mouse orthologs. Predicted roles as a constituent of the extracellular matrix, as an agonist, as a mediator of signal transduction or in gene regulation are intriguing. Some appear to be expressed only in lacrimal gland, although approaches more sensitive than UniGene have revealed other expressing tissues, including some lacritin expression in thyroid and salivary gland (LACRT 7, 28 ) . No lacritin expression was detected in normal breast by RNA dot blot, 7 microarray, 27, 28 or CGAP SAGE, 20, 21 although normal breast expression is apparent by real-time PCR. 40 Also, cystatin S is expressed at high levels in the human submandibular and parotid glands, and lower levels in some other tissues, as determined by direct measurement of mRNA levels. 41 Overall, however, it is clear that human lacrimal-preferred genes display a strong predilection for lacrimal gland-a property notably absent in mouse. This necessitates renewed focus on human-based mechanistic investigation using an expanded molecular toolbox of human molecular probes and cell systems including human lacrimal epithelial and fibroblastic cell lines challenged in standard and threedimensional culture models.
Why is human lacrimal gland disproportionally blessed with hypothetical proteins, most of which are poorly characterized? Initial concerns about authenticity were alleviated by appropriate alignment with authentic gene models, identification of mouse orthologs, and confirmation that open reading frames generally exceeded 100 amino acids. It was recently noted 42 that pericentromeric regions can be sources of new genes derived from euchromatic transposition. We searched all 1256 genes within 5 Mb of pericentromeric regions and found 11 corresponding to lacrimal genes coding for hypothetical proteins (i.e., 6% of all hypotheticals). None are gene duplications with ancestral donors-as per those tabulated by She et al. 42 -FIGURE 5. Human lacrimal-preferred genes display no overall preference for other organs, whereas mouse orthologs are more widely activated (inset). These observations are in keeping with the possible presence of a human lacrimal enhancer that is poorly conserved in mouse. 42 Similarly, among rare lacrimal-preferred genes, three (CST4, KIAA1754L, SLC13A2) are pericentromeric. None are indicated to be ancestral duplicons or to serve as pericentromeric donors, although CST4 is part of a multigene clustered family that probably arose by tandem duplication and is present in rat. KIAA1754L and SLC13A2 are both present in mouse. Subtelomeric duplications and exchanges are also common in eukaryotes. 42, 43 Scrutiny of the genomic distribution of genes coding for hypothetical or lacrimal-preferred proteins respectively revealed that 11% and 10% are located within 5 Mb of either telomere, versus 12.6% of all genes in the entire human lacrimal library (as determined by systematic manual analysis). Thus, no single strategy defines how hypothetical or lacrimal-preferred protein genes are derived. Apparent up-or downregulation in different cancers necessitates comprehensive probing of other cancer and normal databases to appreciate spurious versus authentic changes underlying disease progression. This rich spoil of the human genome project offers remarkable new opportunities in lacrimal and potentially cancer cell biology.
Segmental mapping and interspecies alignment provided interesting gene regulatory insights. Gene clustering is suggestive of coordinated transcription. Although lacrimal-preferred genes were transcribed widely in mouse, putative transcription factor binding sites were predicted by phylogenetic footprinting. 18 The transcription factor GATA2 is widely expressed in a number of different organs, including salivary gland and eye; but is most commonly associated with cell growth during hematopoiesis. 44 TFAP2A interacts with PAX6 in ocular development, including corneal epithelial repair 45 and, like TCF8, is involved in craniofacial development, 45 the latter by regulating TGF␤/BMP signaling. 46 FOXC1 regulates ocular and embryonic development 47 and is one of the transcripts detected in our human lacrimal gland library.
CONCLUSIONS
Sequencing of human and mouse cDNAs from the poorly characterized lacrimal gland provides a physiological snapshot of a polarized exocrine secretory system unusually rich in rare and hypothetical proteins. Such proteins represent one of the last frontiers of human and mouse genome biology. Many hypothetical proteins display apparently altered cancer expression in the CGAP SAGE library collection-often in keeping with the predicted WD40, protein kinase, Src homology 2 and 3, RhoGEF, and pleckstrin homology domains involved in cell signaling. At the genomic level, lacrimal-expressed genes show some evidence of clustering, particularly on chromosomes 9 and 12, and conserved upstream elements may provide new clues to mechanisms of coordinated tissue-specific transcriptional regulation. Implications for the treatment of dry eye, the most common eye disease, are considerable, because the regulation of secretory and transcriptional processes in the lacrimal gland is poorly understood. Cellular models developed around this tissue provide an outstanding platform for functional analysis by RNA interference (RNAi). Š FIGURE 6. More than one half of lacrimal hypothetical proteins display a twofold or greater increase in cancer-associated expression, dependent on cancer type and biopsy. Slightly less than one half decrease in other cancers (not shown). Illustrated are breast and prostate cancer data compiled from the Cancer Genome Anatomy Project SAGE library collection in GEO (NCBI). Only a few (*) lack apparent mouse orthologs.
